ABSTRACT This paper considers a dual-hop vehicle-to-vehicle (V2V) communication system equipped with full-duplex relays (FDRs) in the millimeter-wave networks. The performance of this network is studied in a dense multi-lane highway considering cooperative best vehicular relay selection strategy. In fact, two different FDR schemes are analyzed for the given network. In the first scheme that is called self-interference (SI) vehicle relaying selection, the FDR models the source-relay and the relay-relay links by one channel state information (CSI) coefficient (i.e., a single channel estimation of the two links), while in the second scheme that is called individual SI vehicle relaying selection, the CSI of the source-relay and the relayrelay links are estimated separately. Moreover, relay-destination link is modeled by one CSI coefficient in both aforementioned schemes. Dissimilar to traditional V2V schemes where either line-of-sight (LOS) or non-line-of-sight (NLOS) propagation is considered, and the effect of the blockage on V2V communications is not taken into account when analyzing the performance, in this paper, we propose a probabilistic model capturing the occurrences of LOS and NLOS propagations, which depend on the movement of the vehicles between the central and adjacent lanes. Thus, the movement of the vehicles between any two adjacent lanes is assumed to take place independently and is deemed to be according to the Poisson distribution. This vehicle movement model considers the blockage between the source and destination links. In this vein, a LOS link is considered available when the center lane is clear of vehicles between the source and destination nodes, and an NLOS link is assumed otherwise. Furthermore, a Nakagami-m fading channel model is considered due to its excellent representation of the V2V communication environment. The LOS/NLOS probabilities combined together with the probability of blockage are used to analyze the system performance. The cumulative density function expression of the signal-to-interference-plus-noise ratio at the relay is derived for both relaying schemes. Moreover, the lower bound expressions of the end-to-end outage probabilities are developed and used to express throughput. Finally, the theoretical results postulated and presented here are verified by the numerical simulation for a variety of parameters.
I. INTRODUCTION
The growth and expansion of intelligent transportation technologies for the next generation vehicular communications have brought with them a few key challenges. Focusing on
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inter-vehicle congestions during heavy traffic or accidents, an ultra-low latency transmission is vital to send ultra-fast warning messages within an extremely short time frame [1] . This is because the inter-connected and autonomous vehicles of the future will need to exchange information at a high data rate and low latency. In this context, emerging technologies have recently used mmWave frequency bands between 30 GHz and 300 GHz to provide an alternative solution in order to offer both high data rates, of up to 7 Gbps, and low latency of less than 10 msec [2] , [3] . Some of the key features of advanced vehicular applications under the umbrella of intelligent transportation systems (ITSs) can be exploited to offer passengers smart applications, including vehicle parking, accident response, traffic congestion and accident avoidance tools [4] . Based on the aforementioned applications, the enhancement of the currently ongoing systems capacity and the incremental growth of data rates are extremely important, and are therefore, being explored as part of the fifth-generation (5G) standardization effort by third Generation Partnership Project (3GPP). One of the key areas to explore under 5G is vehicular cooperative wireless [5] , wherein the objectives are to reduce the aftermath of multipath fading and signal degradation within the vehicular wireless communications space. Likewise, cooperative relaying systems based on V2V communications, also known as intervehicular communications (IVC), increase the diversity and generally improve the performance of wireless communication systems.
In addition, the cooperation mechanism between vehicles and infrastructure can be improved by extending the technology to enhance the coverage area, thereby offering improved road safety and better network connectivity [6] . One of the key solutions to this requirement is the implementation of full duplex relaying in order to reduce the end-to-end delay and to concurrently double the spectral efficiency when self-interference is eliminated [7] . This is because with full duplex, also known as in-band full duplex, the relays avoid any spectral efficiency loss by transmitting and receiving over the same band simultaneously. However, a full duplex relaying performance could be severely degraded, because of the self-interference at the relay node due to the simultaneous transmission and reception over the same channel, which cannot be perfectly eliminated [8] , [9] . Meanwhile, in the half duplex relaying, also known as out-of-band full duplex, the relays encounter a spectral efficiency loss as they transmit and receive in different time slots and over different frequency bands. As a result, in practical FDR protocol designs, the impact of self-interference should be taken into account for a more accurate system analysis.
Recently, N * Nakagami fading channels in cooperative wireless communications have been proposed and analyzed in many scenarios and under different cooperative relaying techniques. Qin et al. [10] studied the average symbol error probability for a cooperative system that contains a single source node, a single destination node and a single relay for amplify-and-forward (AF) relaying over Nakagami-m fading channels by implementing various modulation techniques. The cellular multiuser two-way relay network has been evaluated in terms of the outage probability under Nakagami-m fading [11] , where a multi-antenna base station communicates bidirectionally, i.e. in a full duplex mode, with several single-antenna mobile stations via a single-antenna relay node. Such systems can accomplish both multi-user diversity and multi-antenna diversity. The outage probability and average symbol error rate are derived for orthogonal frequency division multiplexing (OFDM) over independent but non-identical Nakagami-m distributed fading channels [12] . Moreover, cooperative AF relaying with a non-linear power amplifier is considered at the relay terminal. Qian et al. [13] have shown that the lossy forward (LF) relaying scheme outperforms the conventional decode-and-forward (DF) relaying in terms of outage probability over Nakagami-m fading environments.
Recent works on full duplex unidirectional and bidirectional wireless cooperative relaying schemes, including self-interference were studied and analyzed in different communication scenarios in [14] - [21] . In addition, a bidirectional full duplex mode is investigated for a single relay in [22] and for multi-relays in [23] . The performance of full duplex DF relay selection over Nakagami-m fading channels is investigated and analyzed in term of outage probability in [24] .
A study of FDR with improper Gaussian signaling (IGS) is presented in [25] , in which the authors show that IGS is superior to proper Gaussian signaling (PGS) in terms of interference-limited settings. Moreover, the outage probability and the ergodic rate are derived to evaluate the system performance. The performances of FDR over a Nakagamim fading environment is presented in [26] , where, the outage probability of hybrid automatic repeat requests (ARQs) is derived. Fu et al. [27] have derived approximate probability density functions (PDFs) for double-Nakagami fading and Gamma-Gamma fading channels. The approximated PDF is then used to determine the outage probability, the ergodic capacity and the symbol error rate for the equal-gain and selection combining diversity techniques.
From the vehicular communication perspective, several V2V half-duplex relaying (HDR) techniques have been studied and investigated in the literature. The communication between source-destination (S-D) nodes could be established by a road access point (AP) [28] , a mobile vehicle [29] and multiple mobile vehicles in [30] . Ilhan et al. [31] studied two different cooperative relaying schemes. In the first scheme, V2V is assisted by an AP, and in the second one, V2V is assisted by relaying vehicles. Moreover, Nguyen and Kong [32] present a V2V dual-hop cooperative network under DF relaying scheme, where the communication between the two vehicles is assisted by the vehicles within one cluster and by APs in adjacent clusters, where the APs act as relays. Within the scope of V2V cooperative communications, the impacts of co-channel interference and imperfect channel estimation are studied in [33] and [34] . The performance of multi-hop V2V wireless cooperative communications over n * Rayleigh fading channels is considered in [35] , and a V2V multiple-input and multiple-output (MIMO) channel model is investigated in [36] . Additionally, a two-way HDR V2V wireless communication scheme over double-Rayleigh fading channels is proposed in [37] , and over mixed Nakagami−m and double Nakgamai−m channels in [38] . The performance of V2V communication in a single dense lane topology is examined in [39] , while [40] proposes a multi-lane topology with different packet forwarding schemes. In [41] , an exact expression for the PDF of peer-to-peer V2V communication including the impact of interference is derived and used to obtain the bit error rate (BER).
Overall, full duplex relaying in vehicular communication is still in its infancy and very few works have been published, especially from the physical layer and performance analysis perspectives. Therefore, the current literature is limited to the V2V half-duplex scenario, except for the case of [42] , where the authors present the simulation results of a V2V full duplex relay selection wireless cooperative communication by using joint decoding as proposed in [43] , however, a mathematical analysis of the system performance is not included. Bazzi et al. [44] investigate the long term evolution (LTE) technique for V2V beaconing services by exploiting full duplex direct communications, while the joint resource assignment and power allocation problems are analyzed for full duplex vehicular communication from a medium access control (MAC) layer perspective in [45] .
Our paper is a continuation, as well as an update, of the recent progress of IVC-based full duplex relaying. Thus, we consider a dual-hop full duplex V2V wireless cooperative communication in which a source vehicle (S) communicates with a destination vehicle (D) both directly and with the help of multiple cooperative vehicles-based on the full duplex relays present in the network. The analysis is performed for a dense multi-lane highway scenario in a non-regenerative AF relaying mode. Two relaying selection schemes are considered for such networks, and the availability of the CSI at the receiver side is assumed. Thereupon, to ensure good cooperation, the FDR represents the source-relay and the relay-relay links by one CSI coefficient for estimation process in the first scheme, which is the SI vehicle relaying selection, while for the second scheme, 1 which is the ISI vehicle relaying selection, the CSIs of the source-relay and of the relay-relay are estimated separately. In addition, a selection combining (SC) technique is employed to select the best vehicle relay that achieves the highest signal-to-noise ratio (SNR).
To create more realistic V2V communication scenarios, LOS and NLOS propagations between S and D are considered and the dependence of the probabilistic model on the movement of the vehicle between the central and adjacent lanes is studied. In fact, due to the unceasing movement of vehicles between adjacent lanes, which can be modeled based on independent vehicles Poisson distribution, the LOS is attainable only if the central lane between the source and the destination nodes is free of vehicles, otherwise, the NLOS dominates. Moreover, the intensity of the vehicles in each traffic lane is set according to an independent 1 In our terminology, we use the term individual for the second selection scheme to distinguish between the two proposed selection schemes, as will be mentioned in upcoming sections one-dimensional Poisson point process (PPP). It should be mentioned that the channels are modeled as Nakagami−m fading channels for accuracy in modeling short-range highway vehicular communications. For the considered network model, the CDF expression of the source-relay link including self-interference is first derived, then the end-to-end lower bound outage probability is expressed in terms of the blockage probability in the central lane, and then the throughput is calculated and presented accordingly.
Based on the results obtained, the concept of multiple vehicular relays both offers diversity and significantly boosts performance by reducing the outage probability, which motivates its use in V2V environments. On the other hand, the essential differences between this work and the related work done in [40] are that in our work we consider a twohop full duplex relaying over mmWave including a blockage model between S and D, while [40] considers a multihop half duplex over dedicated short range communications (DSRC) . In addition, we analyze the outage probability and the throughput, while [40] studies routing strategies for packet forwarding. Finally, the channels are modeled as Nakagami-m fading channels in our analysis. To the best of the authors' knowledge, no previous work has presented a mathematical model for V2V full duplex communications considering the aforementioned scenario. Taking these parameters into consideration, it is clear that the present work differs significantly from previous studies that neither provide analytical outage probability nor throughput expressions. Our main contributions in this work can be summarized as follows:
• Consider the performance analysis of an FDR V2V system over Nakagami−m fading channels.
• Develop a new CDF expression of the ratio of two Gamma distribution random variables (RVs) for the source-relay (S-R) link including self-interference.
• Analyzes and compares two cooperative schemes with full duplex relaying: i) SI vehicle relaying selection and ii) ISI vehicle relaying selection.
• Present the probability of a blockage model between the source and the destination nodes according to independent vehicles Poisson distribution.
• Derive the outage probability with respect to the occurrence of LOS and NLOS probabilistic models, and then obtaining the throughput of the proposed system. The remainder of this paper is organized as follows: Section II represents the system model. A deep performance analysis of the proposed system is introduced in Section III. Section IV contains numerical and simulation results, and concluding remarks are presented in Section V. Proofs are provided in appendices.
II. V2V FULL DUPLEX COMMUNICATION SYSTEM MODEL
In this paper, we consider a system model composed of one source vehicle S, one destination vehicle D and multiple relay vehicles that are distributed in each lane inside the In the S-D communication link, we consider two cases. The first case assumes the availability of LOS and a direct link is attained. The second case assumes NLOS because the S-D link is obstructed. In our model, it is possible for vehicles to change lane according to independent Poisson distribution. For the cooperation process, a one-way full duplex transmission, taking into account the effect of the residual self-interference at the relay nodes is considered helping S to convey data to D. In addition, we assume that CSIs are also known at the destination node and SC technique is employed to select the best vehicle relay that achieves the highest SNR. Therefore, the best relaying vehicle cooperates only in relaying and one channel is required regardless of the number of vehicle relays. 2 The central lane means that the transmitting vehicle and the receiving vehicle are located in the same lane to allow direct communication where possible As mentioned in [46] , the SC technique has two important advantages over regular cooperative diversity network i) it reduces the inefficient amount of used channel resources to the best relay node ii) it maintains the full diversity order. Moreover, the SC is implemented in vehicular communication to decrease the number of costly radio frequency (RF) chains at the receiver side, where only a single RF chain needs to be employed at both the transmitter and the receiver nodes [36] .
In this vein, we list our system model assumptions Assumption 1: A dense network in a single direction highway situation at rush hours or in an accident/congestion scenario is considered. Hence, the effect of mobility and the Doppler phenomenon are justifiably ignored. As such, the whole system compromised of the transmitter, the receiver, and the vehicular relays, all move along the same direction on the highway. Any occurrence of a nonzero bias in the Doppler spectrum is compensated by using an automatic frequency control loop at the receiver side [2] .
Assumption 2: As shown in Fig. 1 , transmitters (source and relays) have a range, T R , much higher than the highway width, as they should be able to communicate with various infrastructures such as road signs and buildings located across the highway.
Assumption 3: In particular, mmWave is very sensitive to blockage, therefore, LOS is lost if at least one vehicle obstructs the S-D link.
Assumption 4: The Nakagami-m fading channel model is considered as it is widely used to model cooperative vehicular communication and short-range communications [2] , [42] . On the other hand, self-interference and its fading model heavily depend on the employed isolation/cancellation techniques. For instance, if the suppression is not sufficiently employed, LOS effects will persist and, hence, Rayleighfading will not be a suitable model since it does not count the LOS component. Moreover, the Nakagami−m fading is able to span a wide range of fading distributions that can also capture either scenarios in case of absence/presence of LOS effects. Furthermore, the Nakagami−m distribution is a more general model which can be used to describe many fading distributions such as Rician, Rayleigh or fading environment that is more severe than Rayleigh fading distribution [47] .
Furthermore, the average number of relaying vehicles in the highway inside the T R surrounding the source S can be written as [40] 
where E[·] is the expectation operator and |.| represents the set cardinality. In the proposed system model, both R i , where i ∈ {1, ..., E[|N |]} and D receive the message transmitted from S, where R i employs the AF technique and then forwards the message to the destination node. Thus, the received signal at the relay node is composed of the signal emitted by the source plus self-interference. This is expressed as
where x S and x R i ∈ {+1, −1} are the transmitted BPSK symbol signal with unit power, while P S and P R i are the transmitted signal power at S and R i , respectively. The parameters h SR i and h R i R i represent the channel coefficients in the S-R i link and the self-interference R i -R i , respectively. The term n R i represents white Gaussian noise (AWGN) at R i with a variance of σ 2
R i
. The channels are modeled as mutually independent Nakagami−m fading channels and are not necessarily identically distributed (i.n.i.d).
Thus, the communication process can be summarized as follows; 1) The transmitted signal reaches the destination D directly and via cooperative relay nodes. This can be modeled as
with 
) is the amplification factor for AF relaying.
Finally, to capture the impact of path loss on the system performance, the widely normalized distances model is used as in literature e.g. [48] - [50] with E(|h SR 
where η is the path loss exponent and d pq is the distance between vehicle p and q. Due to the high density of vehicles in each lane, the vehicles act as relays and are divided into two groups between source and destination inside the T R with different source-relay and relay-destination distances.
III. PERFORMANCE ANALYSIS
In this section, we present an analysis on the end-to-end outage performance and the throughput of the proposed system. First, we recall the PDF expression for the S-R i link including self-interference from [41] to derive the cumulative distribution function (CDF). Once the CDF is obtained, it is used to derive the outage probability expression for our proposed model in two distinct cases, namely the absence or the presence of a direct S-D link. Here, we derive the PDF expression for the S-R link including self-interference. According to Eq. (2), the received SINR at the relay node is formulated as
1) PDF of the S-R Link Including Self Interference
where
the instantaneous SNR of S-R i and
R i -R i (loop interference) links respectively. The channel coefficients in the proposed system are modeled as Nakagami−m distribution, therefore, h ij 2 follows gamma distribution. Since the channels are independent and not identically distributed (i.n.i.d), the PDF of γ SR i and γ R i R i can be respectively written as
where (z) denotes the Gamma function and is given by (z) = 
the average SNR. The PDF of the total SINR which is stated in Eq. (7) can be written as [41] 
whereγ SR i andγ R i R i are the average SNR of the S-R i and R i -R i channels, respectively.
2) CDF of the S-R Link Including Self Interference
We derive the CDF expression for the S-R i link including self-interference by using Eq. (10). Theorem 1: The CDF of γ SR i R i which represents the ratio of two Gamma-distributed RVs can be written as 
where ( 
3) Outage Probability
In this article, we analyze the outage probability of the best vehicular relaying selection of FDR cooperative wireless communications in a dense multi-lane highway situation. We define the outage probability as the probability that the end-to-end SNR between the transmitted signal at the source and the received signal at the destination is smaller than a predefined threshold γ th = 2 R T − 1, where R T is the fixed source transmission rate in bits/sec/Hz. The end-to-end outage probabilities are combination of the outage probabilities of the cooperative V2V network in the presence or absence of a direct S-D link which are derived in the following subsections A, B, and C.
A. INDIRECT LINK OUTAGE PROBABILITY
In this subsection, a direct link between source and destination nodes is assumed unavailable, a practical situation which arises when at least one vehicle in the central lane blocks a direct S-D communication. In addition, a selection combining technique is applied at the destination node to select the best relaying vehicle which offers the highest SNR. Therefore, The instantaneous SNR of the received signal at the destination and using AF relaying technique at the relay node can be written as [52] 
combining technique is applied at the destination node to select the best relaying vehicle which offers the highest SINR. Therefore, the total SINR at the destination can be written as [53] 
Since the derivation of the exact outage probability of the two FDR schemes, SI and ISI, is difficult to obtain directly from Eq. (13), then max-min criteria will be used as an alternative to derive the outage probabilities bounds of these latter schemes
1) MAX-MIN CRITERIA OF SI SCHEME (MMSI) WHEN THE S-D LINK IS BLOCKED
The overall SNR in Eq. (13) can be written mathematically as an upper bound expression to calculate the total SNR simply as
where γ sc ind MMSI represents the total SNR at D for indirect links using selection combining technique and γ sc ind MMSI ≥ γ sc ind exact , its accurate to catch the system performance at medium and high SNR. Also, γ SR i R i represents the SINR at the relay node including the FD loop interference. Theorem 2: The lower bound of the outage probability for the proposed system including indirect links can be written as
Note, all the parameters are defined previously.
Proof: See Appendix B
2) MAX-MIN CRITERIA OF ISI SCHEME (MMISI) WHEN THE S-D LINK IS BLOCKED
This technique requires the knowledge of the CSI for the source-relay, relay-relay and relay-destination links separately. The SNR given in Eq. (13) can be further simplified to ease the computation of the PDF of SNR, and can be approximated as
The SNR in Eq. (16) . As mentioned earlier, the self-interference can not be perfectly eliminated but can be estimated, therefore γ R i R i represents the residual self-interference (loop interference) after the mitigation process. Theorem 3: The lower bound of the outage probability for the proposed system including indirect links can be written as
Following the same steps as in Appendix B, the lower bound on the outage probability of the MMISI when S-D is blocked in Eq. (17) can be derived.
B. DIRECT LINK OUTAGE PROBABILITY
In this subsection, a direct S-D link is assumed available, a situation that occurs if there is no vehicle in the central lane between the source and destination nodes. In addition, a selection combining technique is applied at the destination node for the two schemes MMSI and MMISI, to choose the best relaying vehicle. Therefore, the total SNR at the destination can be written as
The total outage probability may be derived for two cases as follows
1) MAX-MIN CRITERIA OF SI SCHEME (MMSI) WHEN THE S-D LINK IS AVAILABLE
The overall SNR in Eq. (18) . In addition, the SNR in (19) represents an upper bound which is more attractable than the exact SNR in (18) . Theorem 4: The lower bound of the outage probability for the proposed system including direct and indirect links may be written as
where T 1 is defined previously in Eq. (15) Proof: See Appendix C
2) MAX-MIN CRITERIA OF ISI SCHEME (MMISI) WHEN THE S-D LINK IS AVAILABLE
This technique requires the knowledge of all CSI pertinent to source-destination, source-relay, relay-relay and relay-destination links separately for estimation process. The SNR in Eq. (18) can be reformulated to simplify the calculation of the PDF of SNR and can be expressed as
The SNR in Eq. (21) Theorem 5: Following the same steps as in Appendix C, the lower bound on the outage probability of the proposed system including direct S-D and indirect links can be written as
where T 2 is defined previously in Eq. (17). VOLUME 7, 2019 C. END-TO-END OUTAGE PROBABILITY
Theorem 6:
The end-to-end outage probability of MMIS or MMISI systems (P e2e MMSI/MMISI (γ th )) can be found using the combination of direct and indirect links including the probability of blockage P c as follows P e2e MMSI/MMISI (γ th ) = P c P ind MMSI/MMISI (γ th )
where P ind MMSI (γ th ), P dir MMSI (γ th ), P ind MMISI (γ th ), and P dir MMISI (γ th ) are defined in Eq. (15), Eq. (20), Eq. (17) and Eq. (22) respectively and P c represents the probability that there exists a vehicle inside the central lane (probability of blockage) that can be calculated as follows 
Substituting Eq. (15), Eq. (20) and Eq. (24) into Eq. (23), P e2e MMSI (γ th ) can be written as in Eq. (25), shown at the bottom of the next page.
Theorem 7:
In order to find the end-to-end outage probability of MMISI system, Eq. (17), Eq. (22) and Eq. (24) are simply plugged into Eq. (23) to yield P e2e MMISI (γ th ) as in Eq. (26), shown at the bottom of the next page.
4) Throughput
In this subsection, we present the throughput performance of FD V2V wireless cooperative AF relaying. The throughput of the MMIS and MMISI systems are defined as the total number of packÉTS that are successfully delivered to the receiver with no error for a given period of time in bits/sec/Hz and can be written as [54] G = R T (1 − P e2e MMSI/MMISI (γ th )), (27) where R T is the fixed rate of the transmitter in bits/sec/Hz.
IV. SIMULATION RESULTS
Analytical and simulation results for the outage probability and throughput of the proposed system are delivered in this section. The system simulation setup includes the transmission of 
For simplicity, the transmission power is set to P S = P R = P. All the exact simulation results are compared to MMSI and MMISI schemes in Eq. (25) and Eq. (26) respectively in the case of outage probability and also compared to the throughput in Eq. (27) . Furthermore, some corresponding case-specific system parameters are included in the caption of each figure, where applicable. Fig. 3 depicts the evaluation of the outage probability for the best vehicle relaying selection as a function of P S /N o with a different number of highway lanes. As can be seen, the performance improvement is proportional to the number of highway lanes. For instance, an outage probability of 10 −10 appears at ≈ 0 dB when the total number of lanes M = 5, while it occurs at ≈ 3.5 dB for M = 3 lanes in the MMISI scheme. For the MMSI structure, however, an outage probability of 10 −10 appears at ≈ 1.5 dB for M = 5 lanes, while it occurs at ≈ 5.2 dB for M = 3. For exact simulation, the outage probability of 10 −10 occurs at ≈ 2.3 dB for M = 5 and at ≈ 5.3 dB for M = 3 lanes. This behavior is mathematically described in Eq. (1) in the paper, where expanding the highway to contain more lanes increases the average number of vehicular relays inside the transmission range and improves performance.
Furthermore, our results Fig. 3 are compared to vehicular full duplex dual hop scheme (VDH) which represented in [42] . It is clear that the outage probability derived in this paper is better than that proposed in [42] with ≈ 1 dB diversity gain at medium and high P S /N o in both cases of M = 5 and M = 3 lanes for MMSI and simulation results. The degradation of VDH scheme due to the self-interference at the relay node and also because the direct link is seen as interference at the destination node. For example, an outage probability of 10 −15 occurs at ≈ 4.5 dB and at ≈ 10 dB for M = 5 and for M = 3 lanes respectively, while it occurs at ≈ 5.6 dB and at ≈ 11 dB for the same number of lanes in VDH scheme [42] .
Moreover, our results are also compared to selective DF (SDF) full duplex relaying [17] which is also known as vehicular full duplex joint decoding (VJD) [41] . As observed, SDF has a better outage probability performance compared to the MMSI scheme. This degradation in MMSI scheme is due to the effect of blockage probability on the system performance as shown in Eq. (25) .
As for the outage probability, Fig. 4 shows the outage probability of the best relaying vehicle as a function of the P S /N o . The obtained results are compared to exact simulation under different fading values m ij in full duplex mode including self-interference, over i.n.i.d Nakagami−m fading channels. It is clear that as m ij , where i, j ∈ {S, R, D} values increase, the outage probability decreases significantly and the performance improves. On the other hand, higher m SD values do not enhance the system performance due to the high density of vehicles in the central lane that also causes a high blockage probability of the direct link. More, it can be observed that the derived lower bound on MMSI is close enough to the exact simulation result, especially at medium and high P S /N o values, and is valid for different values of m ij . For example, the outage probability for the exact simulation for m ij = 2 at P S /N o = 8 dB is equal to 4.2 × 10 −22 while the outage probability for the MMSI is equal to 2.6 × 10 −22 and for MMISI 7.9 × 10 −26 . At the same time the outage probability at m ij = 3 for exact simulation equals to 6.1 × 10 −31 , for MMSI is equal to 1.5 × 10 −31 and for MMISI is 1.3 × 10 −36 . On the other hand, a gap of approximated 2 dB is observed at high SNR between the simulation results and the MMISI scheme. This gap is because the MMISI takes into account the effect of the self-interference individually and does not mingle it into the relay input as represented in Eq. (16) and Eq. (21). Fig. 5 plots the outage probability in Eq. (25) and Eq. (26) as a function of P S /N o for different source transmission rates R T . Also, the results of the lower bounds are verified by the exact simulation for the parameters indicated in the caption. While this figure clearly exhibits the closeness of our analytical expressions and simulation results for medium and high P S /N o values, an important point we could deduce from it is that the performance improves with less R T as expected. As an example, the outage probability of 10 −10 occurs at ≈ 1.5 dB in the case of R T = 1 bit/sec/Hz, while it occurs at ≈ 6.3 dB in the case of R T = 2 bit/sec/Hz for the MMSI scheme. However, the outage probability of 10 −10 occurs at ≈ 0 dB in the case of R T = 1 bit/sec/Hz, while it occurs at ≈ 4.5 dB in the case of R T = 2 bit/sec/Hz for the MMISI scheme. For the exact simulation result, the outage probability of 10 −10 occurs at ≈ 2.3 dB and ≈ 6.8 dB in the case of R T = 1 and R T = 2 bit/sec/Hz respectively. This behavior can be explained as follows: Decreasing the source transmission rate R T cuts back the threshold value, which allows more relays to participate in forwarding the information to the destination node and improve the performance by reducing the outage probability. In addition, it can be seen in Fig. 4 and Fig. 5 that the lower bound on MMSI and the exact simulation approach are close enough to each other as P S /N o increases while the two curves dissociate at low P S /N o values. In consequence, the total SNR expressions provided in Eq. (14) and Eq. (19) have a higher accuracy for larger P S /N o values. Fig. 6 shows the performance of the best vehicle relaying scheme under several values of the average self-interference at relay nodes. We observe a deterioration of the system performance, i.e. an augmentation of the outage probability while the average self-interferences at the relays increase. This result validates our theoretical analysis as narrated by Eq. (7), where the destructive influence of the selfinterference on the outage probability as an important measure of the system performance is clearly indicated. the capacity of the proposed system is controlled by the ratio (γ SR i /γ R i R i +1) at high SNR regime and thus the lower bound agrees with the exact simulation for high P S /N o values. Based on the aforementioned reason, using an interference cancellation scheme at relaying nodes in the full duplex mode reduces interference and enhances system performance. In this figure, the diversity gain between MMISI and MMSI is ≈ 2 dB and ≈ 4 dB for γ R i R i = 0 dB and 5 dB respectively. Moreover, the MMISI performance shows no change with respect to self-interference because the latter is treated separately. system improves. Note that the impact of δ and T R on the blockage probability is significant. This can be explained as follows, increasing the intensity of vehicles per lane including the central lane from δ = 2 to 4 augments the blockage probability as shown in Table 1 and further obstructs the LOS. However, more selections of the best relaying vehicle become available within T R to process relaying. In addition, we observe that the blockage probability does not swiftly change over the time. This is because it depends on δ, which changes very slowly in dense environments. Figs. 9-10 illustrate the throughput for V2V AF dual-hop wireless cooperative communications for the best vehicular relay selection versus P S /N o . Fig. 9 exhibits the destructive influence of self-interference at vehicular relays on the throughput. As seen, the throughput of the proposed system is higher for less self-interference. Fig. 10 shows the improvement of the throughput when the number of lanes around the central lane is increased. This is because more adjacent lanes provide potentially more vehicular relays inside the transmission range, which enhances throughput. For example, when the number of lanes M R = M L = 2, the system accomplishes a high throughput at ≈ −5 dB while reducing the number of lanes to M R = M L = 1, then ≈ −4 dB is required to achieve the same throughput in the MMISI scheme. In the MMIS scheme, however, the throughput reaches its peak at ≈ −4 dB for M R = M L = 2 and at ≈ −3 dB for M R = M L = 1 lanes. As wider highways with more lanes around the central lane provide space for more potential vehicular relays, the overall system throughput is expected to grow on such infrastructure. VOLUME 7, 2019
V. CONCLUSIONS
A V2V full duplex AF cooperative wireless network model was presented. Two dissimilar vehicular relay selection schemes in a dense multi-lane highway over Nakagami−m fading channels were proposed in the absence/presence of LOS. In addition, vehicle displacement from one lane to an adjacent lane has taken place according to independent Poisson distribution. One of the selection schemes introduced in this work took into account the source-relay and the relayrelay links by one CSI coefficient, while the other one considered the effect of the self-interference individually and did not mingle it into the relay input. The vehicular relay selection schemes were evaluated in terms of the outage probability and the throughput. Our results indicate that, the MMSI provides a lower bound that is very close to the exact simulation results, especially at medium and high SNR, and the MMISI is simple to derive mathematically. Our analytical derivations revealed the trade-off between these two selection schemes based on the purpose of the application. We derived closed-form expressions for the CDF of the SINR and used it to develop the end-to-end outage probability. The end-to-end outage probability was derived based on the blockage probability in the central lane. The system performance was analyzed and studied in various scenarios from several aspects, including fading severity, threshold, self-interference, number of lanes, the intensity of vehicles in each traffic lane, and inter-vehicle spacing. Indeed, this paper provided a comprehensive benchmark for measuring the performance of evolving V2V full duplex relaying in cooperative wireless networks.
APPENDIX A
The CDF of γ SR i R i can be attained as where P γ SR i R i (γ th ) is defined in Eq. (11) and
Substituting Eq. (11) and Eq. (37) into Eq. (36) results in Eq. (38) that represents the outage probability of one S-R i -R i -D link including self-interference at the relay node.
where T 1 is defined in Eq. (15) To generalize the analytical expression obtained in Eq. (38) , multi-vehicular relays are included. Doing so yields 
